Hypnotizability-the proneness to accept suggestions and behave accordingly-has a number of physiological and behavioral correlates (postural, visuomotor, and pain control) which suggest a possible involvement of cerebellar function and/or structure. The present study was aimed at investigating the association between cerebellar macro-or micro-structural variations (analyzed through a voxel-based morphometry and a diffusion tensor imaging approach) and hypnotic susceptibility. We also estimated morphometric variations of cerebral gray matter structures, to support current evidence of hypnotizability-related differences in some cerebral areas. High (highs, N = 12), and low (lows, N = 37) hypnotizable healthy participants (according to the Stanford Hypnotic Susceptibility Scale, form A) were submitted to a high field (3 T) magnetic resonance imaging protocol. In comparison to lows, highs showed smaller gray matter volumes in left cerebellar lobules IV/V and VI at uncorrected level, with the results in left lobule IV/V maintained also at corrected level. Highs showed also gray matter volumes smaller than lows in right inferior temporal gyrus, middle and superior orbitofrontal cortex, parahippocampal gyrus, and supramarginal parietal gyrus, as well as in left gyrus rectus, insula, and middle temporal cortex at uncorrected level. Results of right inferior temporal gyrus survived also at corrected level. Analyses on micro-structural data failed to reveal any significant association. The here found morphological variations allow to extend the traditional cortico-centric view of hypnotizability to the cerebellar regions, suggesting that cerebellar peculiarities may sustain hypnotizability-related differences in sensorimotor integration and emotional control.
Introduction
Hypnotizability, or hypnotic susceptibility, is an individual trait that predicts the proneness to modify perception, memory, and behavior according to the content of specific suggestions after hypnotic induction [1] and in the ordinary state of consciousness [2] . In healthy subjects, the scores reported on multidimensional hypnotizability scales allow detecting individual differences in the susceptibility to hypnosis and predicting the effects of suggestions, with high and low hypnotizability scores set at the extremes of a quasi-normal distribution curve with a slight skew and possible bimodality [3, 4] .
Hypnotizability is assumed to act on both cognitive and physiological domains, although a unifying mechanism possibly sustaining the double nature of its characteristics has not yet been identified. Indeed, as a cognitive trait, hypnotizability includes components such as imagery [5] , fantasy proneness [6] , expectancy [7] , attention/absorption [8] , acquiescence, and consistency motivation [9] . At the same time, as a physiological trait, hypnotizability is characterized by differences in sensorimotor integration, degree of the functional equivalence between imagery and perception, cardiovascular control and brain activity [10] . To this respect, hypnotizability is associated with peculiar cortical EEG activities [11, 12] as well as functional brain characteristics [13] [14] [15] . Specifically, functional magnetic resonance imaging (fMRI) studies have indicated that the different levels of hypnotizability are accompanied by variations of activation and/or functional connectivity in the dorsolateral prefrontal cortex, inferior frontal gyrus, dorsal anterior cingulate cortex, and superior parietal region [13, 14, [16] [17] [18] .
Relatively little (and even conflicting) is known about the brain structural differences between high (highs) and low (lows) suggestible subjects. In highs, there have been described larger anterior part of the corpus callosum [19] , larger gray matter (GM) volumes in left superior and middle frontal gyri [17] , in left temporo-occipital and inferior parietal cortices, and insula [14] , as well as smaller GM volumes in the left superior temporal gyrus and insula [17] . Furthermore, Hoeft and colleagues [16] reported differences between highs and lows in the parietal and temporal regions and even in the cerebellum. Unfortunately, in the latter study GM and white matter (WM) volumes were considered together and the direction of the differences between highs and lows was not clarified. Yet, these cerebellar changes (even if not characterized) appear particularly intriguing. Indeed, plenty of functions notoriously attributed to cerebellar networks have been found to be different in subjects with different hypnotizability levels [10] . In particular, highs differ from lows for a less strict postural control, lower accuracy in visuomotor tasks, higher blink rate and, paradoxically, increased pain intensity and amplitude of cortical responses to nociceptive stimulation after anodal transcranial cerebellar stimulation [10] .
On such a basis, we sought to elucidate the cerebellar macro-and micro-structural differences between healthy individuals with high or low hypnotic susceptibility, evaluated by means of Stanford Hypnotic Susceptibility Scale, form A (SHSS-A) [20] . We also estimated morphometric variations of cerebral GM structures, to ascertain whether the eventual hypnotizability-related cerebellar peculiarities were accompanied by differences in other cerebral areas. At a macro-structural level, we used voxel-based morphometry (VBM) to characterize GM volumetric differences in vivo using a voxel-level approach. At a microstructural level, we used diffusion tensor imaging (DTI), which supplies reliable physiological information on the direction and degree of water displacement in the brain providing thus information on the obstacles encountered by diffusing water molecules [21, 22] . Among DTI indices, we used mean diffusivity (MD) and fractional anisotropy (FA) as probes for, respectively, GM and WM microstructural integrity [23] [24] [25] .
Methods

Participants
Subjects belonging to a large group of healthy volunteers (N = 100), submitted to MRI scan protocol for other studies, were enrolled in the present research. Only those who accepted to come again to Santa Lucia Foundation to be tested on hypnotic susceptibility scale by the evaluator (E.L.S.) were included in the study.
All participants were right-handed as assessed with the Edinburgh Handedness Inventory [26] . The inclusion criteria were age between 18 and 65 years and suitability for MRI scanning. Exclusion criteria included (i) cognitive impairment or dementia, based on Mini Mental State Examination (MMSE) [27] score ≤ 24 [28] , identifying positive screening for cognitive deterioration in Italian population, and confirmed by a deeper clinical neuropsychological evaluation by using the Mental Deterioration Battery [29] and NINCDS-ADRDA criteria for dementia [30] ; (ii) subjective complaint of memory difficulties or of any other cognitive deficit, interfering, or not with the daily living activities; (iii) major medical illnesses, e.g., diabetes (not stabilized), obstructive pulmonary disease, or asthma; hematologic and oncologic disorders; pernicious anemia; clinically significant and unstable active gastrointestinal, renal, hepatic, endocrine, or cardiovascular system diseases; newly treated hypothyroidism; (iv) current or reported psychiatric (assessed by the SCID-II [31] ) or neurological (assessed by a clinical neurological evaluation) disorders (e.g., schizophrenia, mood disorders, anxiety disorders, stroke, Parkinson's disease, seizure disorder, head injury with loss of consciousness, and any other significant mental or neurological disorder); (v) known or suspected history of alcoholism or drug dependence and abuse during lifetime; (vi) MRI evidence of focal parenchymal abnormalities or cerebro-vascular diseases: for each subject, a trained neuroradiologist and a neuropsychologist expert in neuroimaging co-inspected all the available clinical MRI sequences (i.e., T1-and T2-weighted and FLAIR images) to ensure that subjects were free from structural brain pathology and vascular lesions (i.e., FLAIR or T2-weighted hyper-intensities and T1-weighted hypo-intensities).
Behavioral Assessment
Hypnotic Susceptibility
Hypnotic susceptibility assessment was performed through the SHSS-A [20, 32] . According to SHSS-A, individuals with scores ≥ 8 and ≤ 4 out of 12 were considered highs and lows, respectively. The selected participants were 12 highs (4 males; SHSS-A score, (mean ± SD) 9. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . In line with previous researches [16, 19] medium hypnotizable individuals (SHSS-A score 5-7) were not included.
Image Acquisition
Participants underwent the same imaging protocol, which included standard clinical sequences (FLAIR, DP-T2-weighted), a volumetric whole-brain 3D high-resolution T1-weighted sequence and a DTI scan protocol, performed with a 3-T Allegra MR imager (Siemens, Erlangen, Germany). Volumetric whole-brain T1-weighted images were obtained in the sagittal plane using a modified driven equilibrium ) with 30 isotropically distributed orientations for the diffusionsensitizing gradients at one b value of 1000 s mm 2 and two b = 0 images. Scanning was repeated three times to increase the signal-to-noise ratio.
All planar sequence acquisitions were obtained in the plane of the anterior-posterior commissure line. Since the posterior cranial fossa usually falls at the lower limit of the field of view, particular care was taken to center subjects' head in the head coil, in order to avoid possible magnetic field dishomogeneities or artifacts at the level of the cerebellum.
Image Processing
T1-weighted and DTI images were submitted to several processing steps. First, to explore the relationship between regional volumes and hypnotic susceptibility on a voxel by voxel basis, T1-weighted images were processed and examined using the SPM12 software (Statistical Parametric Mapping, Institute of Neurology, London, UK), specifically the CAT12 toolbox (C. Gaser, Structural Brain Mapping group, Jena University Hospital, Jena, Germany), running in Matlab R2016a (MathWorks, Natick, MA, USA).
The toolbox extends the unified segmentation model [33] consisting of MRI field intensity inhomogeneity correction, spatial normalization, and tissue segmentation at several preprocessing steps to improve the quality of data pre-processing. Initially, to increase the signal-to-noise ratio in the data, an optimized block wise nonlocal-means filter was applied to the MRI scans using the Rician noise adaption [34] . Then, an adaptive maximum a posteriori segmentation approach extended by partial volume estimation was employed to separate the MRI scans into GM, WM, and cerebro-spinal fluid. The segmentation step was finished by applying a spatial constraint to the segmented tissue probability maps based on a hidden Markow random field model to remove isolated voxels, which were unlikely to be members of a certain tissue class and to close holes in clusters of connected voxels of a certain class. Then, the iterative high-dimensional normalization approach provided by the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) [35] toolbox was applied to the segmented tissue maps in order to register them to the stereotaxic space of the Montreal Neurological Institute (MNI). The tissue deformations were used to modulate participants' GM and WM maps to be entered in the analyses. Voxel values of the resulting normalized and modulated GM and WM segments indicated the probability (between 0 and 1) that a specific voxel belonged to the relative tissue. After pre-processing (and in addition to visual checks for artifacts), a quality check was performed using CAT12 toolbox to assess the homogeneity of the GM tissues. Finally, the modulated and normalized GM and WM segments were written with an isotropic voxel resolution of 1.5 mm 3 and smoothed with a 8-mm fullwidth half maximum (FWHM) Gaussian kernel.
The segmented, normalized, modulated, and smoothed GM images were used for neocortical and cerebellar analyses.
Subsequently, DTI images were processed by using FSL 4.1 (www.fmrib.ox.ac.uk/fsl/). As reported above, we focused on MD (in GM) and FA (in WM) measures. MD measures the averaged diffusion of water molecules through tissues. MD increase is associated with states characterized by reduced efficacy of synaptic and extra-synaptic transmission [36] . Accordingly, MD increase in GM has been linked to poor cognitive performance or psychiatric symptoms [37] . FA measures the anisotropy of water diffusion processes in WM. Low FA values stand for isotropic diffusion, while high FA values indicate diffusion fully restricted along one axis, related to fiber density, axonal diameter and myelination [38] .
Image distortions induced by eddy currents and head motion in the DTI data were corrected by applying a 3D full affine (mutual information cost function) alignment of each image to the mean no diffusion weighting (b = 0) image. After corrections, DTI data were averaged and concatenated into 31 (1 b0 + 30 b1000) volumes. A diffusion tensor model was fit at each voxel and maps of FA and MD were generated. All subjects' FA were non-linearly transformed into standard space using the tool FNIRT [39] and the transformation matrix was then applied to the MD maps which were subsequently smoothed by using a Gaussian kernel with a 6-mm FWHM. We used tract-based spatial statistics (TBSS) [40] version 1.2, part of FSL, for the post processing of FA maps in the socalled WM skeleton, i.e., an alignment invariant tract representation. Briefly, TBSS first projects all subjects' microstructural data onto the skeleton in the standard MNI space by means of the nonlinear registration tool FNIRT [39] , which uses a b-spline representation of the registration warp field. This process of projecting individual maps onto a mean skeleton helps to confine the effect of cross-spatial subject variability that remains after classical nonlinear registration. Although the advantages of tractography include overcoming alignment issues by operating in the individual space of subjects and higher sensitivity in detecting subtle WM microstructural changes, TBSS has been designed to bring together the strengths of both tractography and classic VBM-style approaches. In fact, it is fully automated; it solves the alignment and smoothing problems and investigates the whole WM tissue without the need to pre-specify the tracts of interest [40] .
The resulting data are then fed into voxel-wise cross-subject statistics, i.e., the Brandomize^command in the FSL package. Analyses restricted to cerebellar and cerebral areas were determined as follows: (1) cerebellar masks were achieved by meaning VBM-based GM or TBSS-based WM probability maps obtained in the processing steps, thresholding the relative image to a value of 0.3 (i.e., removing all voxels having a probability to belong to GM or WM lower or equal to 29%) and manually removing all the non-cerebellar structures using the MNI-oriented atlas of the human brain (Automated Anatomical Labeling Atlas, AAL) [41] as reference; (2) similarly, cerebral masks were achieved by meaning VBM-based GM or TBSS-based WM probability maps obtained in the processing steps, thresholding the relative image to a value of 0.3 (i.e., removing all voxels having a probability to belong to GM or WM lower or equal to 29%) and manually removing the cerebellum using the MNI-oriented atlas of the human brain (Automated Anatomical Labeling Atlas, AAL) [41] as reference. To obtain the precise anatomical localization of results, we superimposed statistical maps onto Diedrichsen's probabilistic atlas of the human cerebellum [42] or onto the AAL template.
Statistical Analysis
The effect of gender in highs and lows was analyzed by means of χ 2 test, while age and education years were assessed by means of unpaired t test. Results of the demographic characteristics were considered significant at the p < 0.05 level.
Differences between highs and lows in GM cerebellar and cerebral volumes were tested at the voxel level by means of t tests using CAT12 within the framework of the general linear model (GLM). Total intracranial volume (TIV), age, and education years were used as covariates in the statistical analyses to control for the effects of the sociodemographic variables on the results. Gender was always considered a Bdummy variable^given its dichotomic nature.
Significance was corrected through family-wise error (FWE), which controls the possibility of any false positive errors across the entire volume. As preliminary results, we also considered significant those obtained at a more lenient uncorrected threshold of p < 0.001.We considered significant only relationships whose voxels were part of a spatially contiguous cluster size of a minimum of 100 voxels.
Differences in DTI data (WM FA and GM MD) between highs and lows were performed through a voxel-wise analysis with the GLM by using the Brandomize^program in FSL, which is an optimized method to detect clusters without having to define clusters in a binary way [43] . The permutationbased non-parametric method with the threshold-free cluster enhancement (TFCE) [44, 45] was used to find significant clusters. Since, to our knowledge, this is the first study assessing the possible relationships between brain microstructure and hypnotizability, for DTI analyses, we accepted an uncorrected statistical level of p < 0.001. Mean DTI metrics of significant clusters were extracted to create graphs using fslmaths and fslstats tools. 
Results
Sociodemographic Variables
Regional Volumes
Cerebellar Regions
Analyses on GM cerebellar volumes revealed a significant difference between highs and lows in left lobules IV/V and left lobule VI, with the highs showing smaller volumes. More importantly, results of left lobules IV/V survived to FWE correction ( Fig. 1; Table 1 ).
Cerebral Regions
At uncorrected threshold, analyses on GM cortical volumes revealed significant differences between highs and lows in right inferior temporal gyrus, middle, and superior orbitofrontal cortex, parahippocampal gyrus and supramarginal parietal gyrus, as well as in left gyrus rectus, insula, and middle temporal cortex, once more with the highs showing smaller volumes than lows. More importantly, results of right inferior temporal gyrus survived to FWE correction ( Fig. 2; Table 1 ).
Micro-structural Measures
As for DTI analyses, no significant difference in GM MD as well as WM FA values was found between groups both in cerebellar and cerebral regions.
Discussion
The present study was aimed at investigating whether eventual structural differences in cerebellar and cerebral regions were linked to the individual differences in hypnotic susceptibility.
The results show that in comparison to lows the highs display significantly smaller GM cerebellar volumes in left lobules IV/V and in left lobule VI. In parallel, the highs have significantly smaller volumes in right inferior temporal gyrus, and at preliminary level, in right middle and superior orbitofrontal cortex, right parahippocampal gyrus, right supramarginal parietal gyrus, left gyrus rectus, left insula, and in left middle temporal cortex. Furthermore, no associations are detected within the DTI micro-structural data. Although the application of a less conservative uncorrected threshold should be viewed with some degree of caution given the risk of false positive results, we decided to consider and describe also the uncorrected findings given the hypotheses of the study and their potential theoretical significance for further studies.
The present results are in line with most previous findings [17] reporting a widespread GM reduction in highs. Theoretically, the reduction of highs' GM volumes could be read in terms of vascular functional differences. In fact, only in highs the flow-mediated endothelial function related to the release of endothelial nitric oxide (NO) is not reduced by mental stress and nociceptive stimulation [10, 46] , suggesting that in highs the vessels are scarcely sensitive to cognitive and sensory stimulation [10] . Intriguingly, the endothelial NO, largely present in the brain in general and in the cerebellum in particular, can diffuse from vessels to neurons [10] . Speculatively, an exaggerated release of endothelial NO, as hypothesized occurring in highs [10] , might be detrimental to the neuronal development, thus leading to GM reductions. Nonetheless, we are aware that this hypothesis has to be supported by tailored studies to be validated.
Coming back to the present results, the volumetric differences between highs and lows found in lobules IV/V and VI closely fit with the functional topographic organization of cerebellar regions suggested by their anatomical connectivity with neocortical regions. In fact, the posterior cerebellum (lobules VI and VII, including hemispheric Crus 1 and 2) is retained to be the anatomical substrate of several cognitive functions [47] . It is worth noting that lobule VI represents the anterior boundary between overtly sensorimotor zones (i.e., lobules IV/V) and supra-modal cognitive zones (i.e., lobule VII), so that sensorimotor tasks that involve complex, fast and sequenced movements activate specifically the lobule VI [48] . Thus, the present findings of smaller volumes in lobules IV/V and VI may sustain the previous behavioral observation of altered sensorimotor processing in subjects with high hypnotic susceptibility [10] . It has also been recently reported that the lobule VI, activated by the execution of a motor task with or without verbal encouragement, forms a closed-connectivity loop with orbitofrontal cortex, superior temporal gyrus, and dorsolateral prefrontal cortex via the red nucleus [49] . The structural alteration of orbitofrontal cortex found in the present study is consistent with its involvement in hypnotic susceptibility advanced by the pioneering findings on hypnotic leg paralysis [50] .
Left cerebellar IV/V and VI lobules are widely connected with contralateral temporal and parietal cortices, as revealed by resting-state functional connectivity and projection studies [47, 51, 52] . Related to the present topic, the temporal and parietal cortices have been even implicated in individual differences of hypnotic susceptibility or in different facets of hypnotic responding [13, 14] . Further, during hypnotic hyperalgesia altered activity within supramarginal and superior, middle, inferior temporal gyri was described [53] .
Intriguingly, although structural variations in the temporal cortex have been associated with hypnotic susceptibility, it is not possible to advance an exhaustive interpretation on the role of temporal cortical circuits in hypnotizability, given some discrepancies on the direction of volumetric changes present in literature [14, 17] .
Notably, within the extensive bidirectional cerebellocortical connections, the lobules IV-VI are even linked to the insular cortex [52, 54] . The current research reveals in highs smaller volumes of left insula. Situated at the intersection of the temporal, parietal, and frontal lobes, the insula represents an integrative center for own-body representation and awareness by receiving large quantities of interoceptive, autonomic, and emotional information from ipsilateral somatosensory and limbic areas, linking them with external elements in order to organize adaptive behaviors [55] . Insular cortex is also involved in self-reflection, self-monitoring, and self-regulation [56] , as well as in empathy [57] , processes that can be altered in hypnosis [58] . A recent study of functional connectivity has investigated the insular responses to sensory stimuli with affective valence in relation to the individual differences in emotional susceptibility [59] . The study has demonstrated that weaker functional connections of the left anterior insula with left lobule IV were linked to higher emotional susceptibility. Our results on left insular and cerebellar lobule IV peculiarities of highs totally fit with the findings by Ebisch and colleagues [59] , suggesting that the changes of these brain structures could represent the correlate of the altered emotional processing reported in highs. In fact, higher emotional intensity during internal imagery [60] , sensitivity and empathy [15] , tendency to somatic complaints [61] , and vividness of pain imagery [46] have been reported in highs. Furthermore, an fMRI study on a sample of highs revealed common activations of the left insula and left cerebellum, besides prefrontal and parietal cortices, during both hypnotically and physically [62] . Thus, in the present study, we found left cerebellar alterations accompanied by both contralateral (right inferior temporal gyrus, middle, and superior orbitofrontal cortex, parahippocampal gyrus, and supramarginal parietal gyrus) and ipsilateral (left gyrus rectus, insula, and middle temporal cortex) cortical alterations. While the former are consistent with the mostly crossed prominent cerebellocortical projections, the latter although much lesser described have been reported in connectivity and structural studies in humans and animals [63] [64] [65] [66] . Accordingly, it is not surprising that not only contralateral but also ipsilateral networks may be sensitive to structural unilateral cerebellar alterations. Apart from the side of the cerebello-cortical projections, the contribution of cerebellar areas to neocortical processing of hypnotic susceptibility is mediated by bidirectional cerebello-cortical and intra-cortical networks. Increasing evidence emphasizes the role of long-range signals from, and interactions with, associative cortices in the top-down control over lower-level structures [58, 67, 68] . In fact, among the sub-cortical structures, the cerebellum represents the ideal recipient of cerebral cortex control, since it is broadly involved in the operational processing on information linked to both movement and thought. The cerebellum performs uniform computations on highly specific information received from corresponding Bspecialized^cortical areas that determine the degree of cerebellar specialization [69] . Internal models (either forward or inverse) are formed in the cerebellum to adapt sensorimotor and cognitive (and even emotional) activities to contextual information [70, 71] . However, as a complementary note, it has to be considered that the top-down processes may (and often do) work in concert with bottom-up mechanisms. The directionality of processing (bottom-up or topdown) could depend on the hierarchical position of the cortical area from which the cerebellum receives its inputs relative to the cortical area to which the cerebellum directs its outputs, placing the cerebellum as a Bsub-cortical hub^between hierarchically different cortical regions [72] . Speculatively, the individual differences in hypnotic susceptibility could be mediated by cortico-cerebello-cortical loops in which the sensitivity of some cortical regions might top-down modulate the Fig. 2 Gray matter (GM) cortical volumes and hypnotic susceptibility scores. Results showed group significant differences (surviving familywise error correction, FWE, for multiple comparisons) between gray matter cortical voxel-based morphometry (VBM) analysis of highs and lows in right inferior temporal gyrus. Above color bars t values are indicated. In figure left, (L) is left and coordinates are in MNI space. Areas significantly associated with hypnotic susceptibility in the voxel-based analyses were used as regions of interest (ROI) to extract raw data and create histograms (mean ± SEM). Highs: high hypnotizability (SHSS-A scores 8-12) group. Lows: low hypnotizability (SHSS-A scores 0-4) group activity of cerebellum (lobules IV-VI) which in turn might bottom-up control other cortical regions. We are aware that the distinctive roles of top-down and bottom-up control in hypnotic susceptibility need to be specifically investigated to gain new insight on the physiological mechanisms through which the cerebellar and cortical structural peculiarities may lead to behavioral characteristics.
One of the limitations of the present study is the rather small number of highs enrolled, although it was comparable or even patently superior to that of other imaging reports [14, 16, 17] . By studying a larger sample, highs could be classified according to a more detailed hypnotic profile rather than their mere total hypnotizability scores. This could be useful because different sub-types of highs have been described in relation to their tendency to dissociation, hallucination, and inhibition [73, 74] and such differences may account, for instance, for the scattered brain structural results reported in literature.
Summary
The present findings indicate possible morphological bases for the previously described sensorimotor correlates of hypnotizability [10] and disclose new perspectives in the field of hypnotizability and hypnosis in which the cerebellum might play an intriguing role.
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